White steenbras (Lithognathus lithognathus, Sparidae) is an overexploited fishery species endemic to South Africa. Overexploitation in recreational, subsistence and commercial fisheries has resulted in stock collapse, and the need for improved management of the species. Adults are thought to undertake large scale annual spawning migrations, yet movement studies indicate low levels of connectivity among coastal regions. To address this, mitochondrial DNA sequencing and genotyping of microsatellite loci in the nuclear genome were conducted to determine the genetic stock structure and level of gene flow within this species. Genetic diversity was high throughout the species' core distribution, with no evidence of isolation by distance or localised spawning. Low, non-significant pairwise fixation indices (FST, RST and Jost's Dest) indicated low genetic differentiation and high levels of gene flow. The observed results, and agreement between mitochondrial and microsatellite DNA, confirm that white steenbras exists as a single genetic stock with high levels of gene flow throughout its distribution.
Introduction
Understanding genetic stock structure and movement patterns is fundamental to understanding a species' ecology and essential for its effective management (Meyer et al. 2000, Balloux and LugonMoulin 2002) . Larval dispersal, post-settlement movements and spawning migrations can play a major role in defining the levels of gene flow within a species (Turchin 1998) . Genetic analyses can provide valuable information on reproductive isolation and the level and direction of gene flow throughout the species' distribution range (Shaklee and Bentzen 1998) . This information is essential for understanding and predicting responses to natural and anthropogenic environmental changes (e.g. global climate change) and for identifying the most appropriate measures for successful management and conservation (Gold and Turner 2002 , Nicastro et al. 2008 , Zardi et al. 2011 In South African waters, numerous marine fish species have evolved to share a common life-history pattern, with adults migrating north-eastwards along the South African east coast to spawn in warmer waters, where after eggs and larvae are transported south-westwards in shelf waters inshore of the south-west flowing Agulhas Current (Beckley 1993 , Hutchings et al. 2002 . Owing to such dispersal, many teleost species (including important fishery species) show no genetic structuring throughout their South African distributions (Teske et al. 2010 , Henriques et al. 2012 , 2014 , Mirimin et al. 2015 , Reid et al. 2016 . However, phylogeographic breaks have been identified in the genetic structures of several marine taxa, at Cape Point, Cape Agulhas, and in the vicinities of Mossel Bay, Algoa Bay and Transkei ( Figure 1 ) (Teske et al. 2011 , Murray et al. 2014 . While the movement patterns of most marine species in South Africa have been well documented, movement studies cannot provide information on the consequences of dispersal at the molecular level (Waples 1998) , and information on the genetic stock structure of many South African marine species is lacking (Mann 2000, Teske et al. 2011) . Genetic analyses should thus complement movement studies, to determine the spatial delineation of genetic stock structure within a species (von der Heyden 2009) and, concomitantly, the purified and sequenced at a commercial sequencing facility (Macrogen Inc., Korea) . Sequences were edited in Chromas Lite 2.01 (Technelysium Pty Ltd), and aligned manually in Seqman Pro TM (DNASTAR ® ). A final sequence alignment was produced in Clustal X (Larkin et al. 2007 ), which agreed with the manual alignment.
Fifteen microsatellite markers were used in this study; LLt002, LLt005, LLt006, LLt007, LLt011, LLt014, LLt020, LLt024 and LLtr004 were isolated in white steenbras (from Reid et al. 2012 ), while PBt003, PBt007, PBt013, PBt018, PB106 (from Reid et al. 2012 and Clat11 (from Teske et al. 2009) were isolated from related species. These loci were designed into multiplexes and amplified using the (after Reid et al. 2012) . Microsatellite profiles were examined using GeneMarker 1.95 (SoftGenetics ® LLC) and peaks were scored manually. To ensure consistent scoring among runs, all runs contained four control samples. For the complete microsatellite dataset, Micro-Checker 2.2.3 (Van Oosterhout et al. 2004 ) was used prior to any analysis to detect possible amplification or genotyping errors (e.g. the presence of null alleles, large allele dropout and stuttering).
Data analysis
A priori delineation of populations was defined by geographic locality and by age class, with certain analyses conducted using two different groupings of samples. The first comprised eight localities ( Figure 1 ) (five of which contained both juvenile and adult samples), and the second comprised thirteen populations (six juvenile and seven adult populations from the eight localities).
second sample grouping, i.e. thirteen (six juvenile and seven adult) populations from eight localities, as this arrangement presented the lowest sample sizes per population.
Exact probability tests of population differentiation (Raymond and Rousset 1995) were used to assess pairwise genetic differentiation among sampling localities (n = 8) and among populations (n = 13).
Tests were run in Arlequin with 100 000 steps in the Markov Chain and 10 000 dememorisation steps.
Genetic differentiation among localities and among populations was further assessed by pairwise comparisons of haplotype frequencies in the mtDNA, using FST values (Wright 1951) , and allele frequencies in the microsatellite data, using Slatkin's (1995) RST. The significance of each observed FST and RST value was calculated by permutation (10 000 permutations in each case). Genetic differentiation was also assessed in the microsatellites with Jost's Dest, in SMOGD version 1.2.5
(Crawford, 2010).
Analysis of Molecular Variance (AMOVA, Excoffier et al. 1992 ) was used to assess genetic structure at different hierarchical levels, for mtDNA and microsatellite genotypes. The different levels of assessment were defined as among geographic localities (n = 8 localities, Figure 1 ), among populations within localities (5 of 8 geographic localities had juvenile and adult populations), and within individual populations (n = 13 populations). For the microsatellite DNA, a fourth level of variability, i.e. within individuals, was included. AMOVA was also used to test for genetic differences between juvenile and adult samples; hierarchical levels included among groups (juvenile and adult), among populations within groups (n = 7 adult populations, n = 6 juvenile populations) and within populations (n = 13 populations), as well as within individuals for the microsatellite DNA. AMOVA analyses were conducted in Arlequin, with 10 000 permutations to determine significance at each level.
To further investigate population structure from the microsatellite genotypes, a Bayesian model-based clustering analysis was run in Structure 2.3.3 (Pritchard et al. 2000) . The analysis probabilistically assigned individuals on the basis of their multilocus genotypes to one of a number of discrete putative populations (K). The term "population" in this analysis does not refer to the 13 sample populations described, but rather to hypothetical stocks. Analyses were run for K = 1 to K = 8 (the number of sampling localities). Mean log probability that the observed set of genotypes in the global sample was drawn from the K populations was estimated from 20 iterations for each value of K. Each iteration consisted of 100 000 burnin steps, and an additional 100 000 steps in the Markov chain. The most probable number of real populations present was taken as the value of K that maximised the log probability (Falush et al. 2003) . The analysis was based on the admixture ancestry model and the correlated allele frequencies model in the Structure software.
Isolation by distance (Slatkin 1993) in the mtDNA and microsatellite DNA was assessed using the and correlated with a similarly constructed matrix of geographic distances (km). Significance was determined by 10 000 permutations of one matrix, while the other remained constant.
Demographic history
Demographic history was assessed using the mismatch distribution (frequency distribution of numbers of nucleotide differences between all pairs of haplotypes) (Rogers and Harpending 1992) , and a Bayesian Skyline Plot (BSP) approach that reconstructed the effective population size through time using coalescent-based genealogies (Heled and Drummond 2008) . Significance of the mismatch test was based on the sum of squared deviations (SSD) between parameters of the observed and expected distributions, and the probability determined from 1 000 simulated parameter sets (Excoffier 
Results

Genetic diversity
Mitochondrial control region sequences were successfully generated for 307 white steenbras, which produced 174 haplotypes (169 excluding gaps), and 143 polymorphic sites. Haplotype and nucleotide diversities were high, and consistent among localities and among populations. Numbers of polymorphic sites and mean numbers of nucleotide differences between sequences were high, producing high numbers of private haplotypes (Table 1 ).
The haplotype network ( Figure 2 ) identified two common haplotypes, separated by six mutations, with many rare haplotypes. Haplotype 1 (found in 28 individuals from seven localities) formed the centre of the generally star-like topology. Haplotype 2 (15 individuals) formed the centre of a small, second cluster (indicated by "A" in Figure 2 ), in which all eight sampling localities were represented.
A long branch (indicated by "B" in Figure 2 ) extended from the main clade and included haplotypes differing by up to 22 mutations from haplotype 1; within this clade all eight geographic localities were again represented. The network indicated no association between haplotype genealogy and geographic location. (21) FBY (55) KNY (47) ABY (50) EKM (25) ELN (40) TKE (25) DEH ( Fifteen microsatellite markers were initially evaluated, of which three (PBt007, LLt024 and PBt013)
were immediately excluded due to inconsistent amplification. Micro-Checker detected no significant amplification or genotyping errors at any of the remaining loci, except for Clat11 for which there was a significant probability (p < 0.001) of null alleles, as well as evidence of stuttering. This locus was therefore excluded from all further analyses. Considering all cases of polymorphism, involving all loci and localities, only two deviations from HWE were observed after standard Bonferroni correction. Linkage disequilibrium was observed in only 12 of the 440 pairwise locus comparisons (8 localities × 55 locus pairs), after Bonferroni correction. In the global sample, four of the 55 pairwise comparisons showed significant linkage disequilibrium (Appendix Table A ).
Summary statistics were calculated for the eleven remaining loci (Appendix Table B ). The mean number of alleles recovered at each locus ranged from 4.00 (PBt018) to 15.75 (PBt003), mean allelic richness ranged from 3.32 (PBt018) to 12.65 (PBt003), and observed heterozygosities were close to those expected under HWE for all eleven loci. Summary statistics were calculated across the eight sampling localities and 13 sampling populations (Table 2 ). Mean numbers of alleles, mean allelic richness and inbreeding coefficients averaged across all loci showed no trends among localities.
Genetic differentiation and population structure
Given the high number of haplotypes, the POWSIM analyses of the control region dataset excluded singletons and were restricted to those 48 haplotypes occurring more than once in the base population (i.e. the total sample). For both the control region and the microsatellite datasets, the simulations indicated that the data had sufficient power to detect moderate differentiation (at FST = 0.05) between two populations representing the smallest sample sizes in each of the data sets (i.e. 15 for East London adults and 21 for Langebaan adults/De Hoop juveniles for the control region data; 16 for East London adults and 23 for De Hoop adults for microsatellites). For these datasets, there was, respectively, a 98.3% and a 100% chance of detecting a significant FST of 0.05. There was much less power in the Overalldata for detecting low levels of differentiation between two populations with the above sample sizes, with a 6.7% chance of detecting FST = 0.001 for the control region data and 7.8% for the microsatellites. This was not improved much considering the mean sample sizes for each dataset, with the power increasing to 7.6% for the control region (considering two populations of 24 individuals) and to 9% for the microsatellites (25 individuals per population). This is probably a consequence of the high diversity in the base (total) population (see above), but caution is needed in the interpretation of the lack of differentiation based on the pairwise FST values and AMOVA results alone.
Exact tests revealed no significant differentiation between juvenile and adult samples within each of Table C) . At the population level, only one of 78 mtDNA pairwise comparisons showed significant differentiation, that between False Bay adults and Transkei adults (p = 0.035), and there were again no significant pairwise differences in the microsatellite data (Appendix Table D ). Pairwise genetic comparisons based on the mtDNA (FST) and microsatellite DNA (RST, Jost's Dest) also showed low genetic differentiation and no significant differences between localities (Table 3) or between populations (Table 4 ).
The AMOVA analyses identified low levels of genetic variation at all hierarchical levels in the mtDNA and microsatellite dataset (Table 5 ). The source of the greatest percent variation in the mtDNA was identified as that among individuals within populations, and in the microsatellite DNA as that within individuals. The analyses revealed no significant variation at any level, except among localities in the mtDNA (p = 0.007), although the magnitude of this variation (FCT = 0.010) and the percent contribution to the observed variation (1.02%) were low. The AMOVA analyses to test for differences in mtDNA and microsatellite DNA among juvenile and adult populations showed no significant differences at any level, with low (negative) fixation indices ( Table 5 ).
The Structure analysis estimated the greatest probability (negative log likelihood) was that the global sample, given the observed genotypes, was drawn from a single population (i.e. K = 1) (Appendix 
Demographic history
The mismatch distribution (SSD = 0.004, p = 0.506) (Figure 3a ) did not differ significantly from that expected under a population expansion, and the low, non-significant Harpending's (1994) raggedness index r (r = 0.005, p = 0.574) indicated a good fit of the observed data to the model. The slightly bimodal nature of the distribution reflects the mutational differences between the main clade and the long branch of the haplotype network, although this did not affect the significance of the model fit to the data. The BSP (Figure 3b ) supported an expansion, occurring within the last 20 000 years.
Discussion
Population structure
Analyses of the mitochondrial control region and eleven polymorphic microsatellite loci in the nuclear genome revealed high levels of gene flow and little evidence of spatial genetic variability in white steenbras, throughout its core distribution. The low estimates of genetic divergence along the coastline and the lack of association between haplotype genealogy and geographic location dispel the possibility of abrupt phylogeographic breaks or genetically distinct stocks in this species. The lack of isolation by distance confirms the absence of gradual genetic differentiation across the species' distribution range, and that average dispersal distances per generation are not less than this range (Slatkin 1993 , Dupanloup et al. 2002 . , estuary-dependent coastal migrants, and shallow-water hake Merluccius capensis (von der Heyden et al. 2007 ). In South Africa, numerous species spawn along the East Coast, using the inshore waters of the southward flowing Agulhas Current to transport and disperse eggs and larvae to nursery grounds further south-westwards along the coast (Beckley 1993 , Hutchings et al. 2002 . This suggests that movement during the adult life stage (i.e. spawning migration) is an important mechanism for maintaining gene flow in these species, as many of these migratory species show a lack of population structure along the South African coastline, for example geelbek Atractoscion aequidens (Henriques et al. 2014 ) and shad Pomatomus saltatrix (Reid et al. 2016 ).
In contrast, many marine invertebrates (Evans et al. 2004 , Teske et al. 2006 , Nicastro et al. 2008 , Zardi et al. 2011 , Qhaji et al. 2015 and small, non-migratory fish species (e.g. Knysna seahorse
Hippocampus capensis (Teske et al. 2003) , bluntnose klipfish Clinus cottoides (von der Heyden et al. (Drost et al. 2016) ) exhibit genetic divergence along the South African coastline associated with environmental transitions (Teske et al. 2011) . Therefore, taxa with low levels of adult dispersal generally exhibit multiple genetically distinct populations, whereas species capable of undertaking large-scale adult movements generally exhibit higher levels of gene flow (as predicted by Avise et al. 1987 ).
2008) and sandgoby Psammogobius knysnaensis
The AMOVA analyses conducted on the mtDNA and microsatellite loci were generally in agreement, and revealed low spatial genetic variation and identified the source of greatest genetic variation as that among and within individuals, reflecting the high genetic diversity. The significant, albeit low, variability observed among localities in the mtDNA but not in the microsatellite loci is likely a result of the high number of unique and rare haplotypes, and may reflect historical divergence. With 174 haplotypes and sample sizes ranging from 21 to 55, it was not possible for a single locality to be entirely representative of the haplotypes identified. In a global sample exhibiting high haplotype diversity and a high proportion of unique or rare haplotypes, minor differences among localities might be expected (Excoffier et al. 1992) .
Coastal connectivity and movement patterns in white steenbras
While the genetic analyses revealed high levels of gene flow in white steenbras, a study on the coastal movements of this species, based on more than 350 tag-recapture records along the South African coastline, revealed low levels of connectivity among coastal regions, and little movement between the Eastern Cape and Western Cape provinces (Bennett 2012) . The author thus posed the question of whether the species is represented by separate stocks. In South Africa, white stumpnose Banded goby Caffrogobius caffer, a cryptic gobiid, and red roman, a territorial reef-dwelling sparid, are southern African endemics with similar distribution ranges to white steenbras, and also exhibit low levels of genetic differentiation among coastal regions (Neethling et al. 2008 , Teske et al. 2010 ).
The similarly high gene flow throughout their ranges, despite low levels of adult movement and different life history strategies, is likely a result of dispersal during long larval phases (Neethling et al. 2008 , Teske et al. 2010 . Considering the generally limited coastal movements of white steenbras (Bennett 2012) , the high levels of gene flow observed in this species throughout its distribution are possibly also facilitated by larval dispersal. This highlights the importance of larval dispersal by ocean currents as a mechanism for maintaining gene flow along the South African coastline (Beckley 1993 , Hutchings et al. 2002 .
The star-like topology of the white steenbras haplotype network, with few common and many rare haplotypes, has been observed in the mitochondrial control regions of numerous marine fish species, for example red snapper Lutjanus campechanus (Camper et al. 1993) , red drum Sciaenops ocellatus (Gold et al. 1993 ) and white seabream Diplodus sargus (Bargelloni et al. 2005) , and indicates a population expansion Hudson 1991, Fu and Li 1993) . This is congruent with the population expansion revealed by the white steenbras mismatch distribution and the BSP. associated with the increase in sea-level (Sachs et al. 2001 , von der Heyden et al. 2010 , since the end of the last glaciation period approximately 19 000 years ago (Sachs et al. 2001) .
Demographic history
The long branch of the white steenbras haplotype network could represent the more recent part of the genealogy (Fu and Li 1993) , with the high number of rare haplotypes representing new mutational derivatives of the common haplotypes (Billington and Hebert 1991), reflecting the demographic expansion (Harpending and Rogers 2000) . A similar haplotype network, with a long external branch and high numbers of mutations, was observed for red roman, which the authors proposed may have been an artefact of a separate genetic lineage (Teske et al. 2010) . The long branch of the haplotype network could therefore be interpreted as evidence of a separate genetic lineage in white steenbras.
However, there was no association between genealogy and geographic location within this long branch of the network, therefore negating the possibility of extant allopatric lineages in white steenbras. This may thus be indicative of secondary contact between, or a relic of, previously genetically differentiated allopatric lineages in this species.
Extreme levels of haplotype and, to a lesser extent, nucleotide diversity for the mitochondrial control region are common features in many marine fishes (Von der Heyden et al. 2010) , including sparids off the South African coast (Teske et al. 2010; Murray et al. 2014; Duncan et al. 2015) , possibly as a consequence of large effective population sizes and the high mutation rate of the marker. Despite concerns around the potential impact of this variability on analyses, the marker has proved effective in providing evidence for panmixia (Teske et al. 2010; Duncan et al., 2015; Agiulli et al. 2016 ) and varying degrees of structure among populations (González-Wangüemert et al. 2011; Murray et al. 2014 ) in sparids.
Considerations for management and future research
In the absence of morphological, meristic or biological differences to delineate discrete stocks, white steenbras has historically been managed as a single stock. The current study confirms that white steenbras is characterised by high levels of gene flow and low, non-significant levels of genetic differentiation throughout its distribution. Therefore, the species should continue to be managed as a single stock.
Differential fishery regulations are often applied in different areas, for example commercial harvesting of white steenbras was historically permitted in certain areas of the Western Cape Province only (Penney 1991 , Bennett 1993a . For species that are genetically homogenous throughout their distribution ranges, excessive local harvest in one area, particularly in spawning or aggregation areas, may affect the persistence of the stock and concomitantly predator/prey relationships and resource users dependent on the resource in other areas. Furthermore, the number of migrants per generation required to mask inherent stock structure is low, and the actual number per generation from one area may be insufficient to rebuild a depleted population in another (Hauser and Carvalho 2008) . This could allow independent responses of populations in different areas to different demographic perturbations (Hastings 1993), such as localised overexploitation. Therefore, management of a fishery species should consider the ecological and fishery implications of localised overexploitation, even if the species is represented by a single genetic unit.
While the results of the current study have confirmed high levels of gene flow in white steenbras throughout its core distribution, genetic analyses alone cannot quantify the level of adult movement within a species, nor empirically confirm whether adults undertake annual spawning migrations, and movement studies based on dart tagging have indicated low levels of longshore movement in this species (Bennett 2012) . Comprehensive management of a species thus requires both information on genetic stock structure and an understanding of the movement behaviour at different life history stages, which will need to be determined for white steenbras by dedicated, long-term assessments of movement and migration. 
